Abstract-Current operation mode of SAR can be roughly divided into two types: strip-map mode and burst mode. The most conventional mode is strip-map mode, in which the swath width is quite limited. The other type is burst mode, which is an active option to overcome this limitation by cyclically scanning several subswaths, known as ScanSAR. In addition, Envisat ASAR has another type of burst mode, that is, Alternating Polarization mode. ALOS PALSAR and Radarsat-1 also have their own ScanSAR operation modes, but each of them is distinctive from the others in implementation. Numerous theoretical results and applications of interferometry using strip-map data have been published before. Interferometry with burst mode data, however, is much rarer and different from the case of the traditional strip-map mode from raw data focusing to interferogram generation because of its burst nature of data acquisition pattern. In our study, we put our emphasis on each kind of burst mode interferometry and mixed mode interferometry. Until now, our successful research work includes Envisat ASAR WS-WS, IM-WS and ALOS PALSAR WB1-WB1 Interferometry. Other development activities including Envisat AP-AP and Radarsat-1 SNA-SNA interferometry are still on going. In the following paper, we will present our results and give an overview of multi-mode SAR interferometry for the present spaceborne SAR sensors.
INTRODUCTION
The most conventional operating mode of SAR is strip-map mode, in which echoes are collected continually by SAR. However, a continuous acquisition is not necessary to focus an image, that is, gaps can exist between sections of the acquired echoes [1] . This kind of operation of SAR is the so called "burst mode". The most important application of burst mode is ScanSAR, in which, SAR cyclically adjust its antenna look angle to cover several subswaths in order to achieve a much larger coverage than the strip-map mode, but with a coarser azimuth resolution. The gaps in each subswath are used to collect echoes of other subswaths. Envisat ASAR also applies burst mode to its AP (Alternating Polarization) mode.
The most remarkable advantage of ScanSAR over the traditional strip-map mode is its significant improvement in swath coverage. And that is beneficial to the interferometric applications, some of the examples can be found in [2] [3] [4] [5] [6] . Most of the recently launched spaceborne SAR sensors have the ability to work in ScanSAR mode, such as Radarsat-1/2, Envisat ASAR, ALOS PALSAR. The wide availability of ScanSAR data also promotes the development of ScanSAR interferometry. However, the problem of synchronization is the main bottleneck for most of the sensors. In addition to interferometry using the same mode data, a meaningful option is to combine burst mode and strip-map mode data to create an interferogram, which can highly improve the availability of SAR data in the aspect of interferometry, and several results can be found in [3, 5, 7, 8] . Considering that the strip-map mode interferometry is much mature, in this paper, we will report our achievements with an emphasis on ScanSAR interferomtry and mix-mode interferometry.
SCANSAR INTERFEROMETRY
The first problem for ScanSAR interferometry is to develop phase-preserving algorithms to focus raw burst mode data. So far, several algorithms have achieved this and we can get an overview from [1, 9] . In our research, we use the full-aperture algorithm developed by Richard Bamler to focus raw data in order to fully use the existing standard high precision SAR algorithms. To do this, gaps between continuous echoes is padded with zeros according to the time sequence and PRF. The resulting image has a geometry and radiometry consistent with the regular SAR mode images. However, the impulse response shows a periodic modulation and it can be eliminated using a low-pass filter [10] .
An important parameter for ScanSAR interferometry is its synchronization between master and slave images, that is, the same point on the ground must be imaged from the same along-track positions both times [5] . Interferometry requires certain burst synchronization. The unsynchronized echoes will affect the coherence between master and slave and appear as noise in the interferogram. To improve the coherence, these echoes should be properly removed before the interferometry, which is referred as synchronization selection. However, this also needs some care, as the resolution affecting the coherence, too. In the case of good coherence, we advise not to perform synchronization selection, providing enough synchronized echoes.
After the interferogram generation, subswath interferograms have to be stitched together to make an entire one. All the subswaths of each current sensors share a unified range sampling frequency, the deference lies in the azimuth, that is, PRF varies among subwaths. Therefore, we only have to perform azimuth resampling when mosaicking these sub-interferograms together. A sinc kernel imposed with a Kaiser window is used to implement azimuth resampling. Because the geometric relation between subswaths is pre-determined, correlation calculation between adjacent subswaths using overlap samples in order to get this relation is not needed.
The most favourable option for ScanSAR interferometry is Envisat ASAR WS data as its better control on synchronization and baseline, while the ALOS PALSAR has an advantage of L-band wavelength meaning better coherence. It has been demonstrated that only SNA mode of Radarsat-1 is suitable for ScanSAR interferometry [2] . SNA mode only has two subswaths and therefore much more synchronization can be guaranteed, but the critical baseline is much shorter. Also to be considered is that there isn't any official phase-preserving focused product for the current spaceborne sensors at first. Therefore, we start our processing with Level 0 raw data. Currently, only Radarsat-1, Envisat ASAR and ALOS PALSAR as mentioned above provide raw ScanSAR data. After 2005, ESA began to provide phase preserving Wide Swath product, namely, ASA WSS 1P, which can also be used for interferometry.
To do differential interferometry, a less precise process is as follows: first the subswath interferograms are generated, then these interferograms are mosaicked together. After that, the normal strip-map interferometry process is applied without any change. We use Envisat ASAR WS mode data to test this process and the resulting displacement map is shown in Fig. 1 (Left) . The acquisition dates of the interferometric pair are Jan. 16th, 2007 and Mar. 27th, 2007 .
A more precise option is that, first each subswath is processed individually until the differential interferogram is created, then subswath interferograms are mosaicked. The afterwards filtering and phase unwrapping process are the same with the strip-map case. An ALOS PALSAR WB1 mode displacement map is generated using this method, which is shown in Fig. 1 Boundary lines between adjacent subswaths in the mosaicked interferogram are thorny and current filters show inability to them. Considering this, we proposed the two-way filter to remove them. Experimental result (Fig. 2) proves that this is an effective method. Two-way filter fully uses the overlap samples between subswaths and it can improve the precision of the overlap area. In two-way filter, the middle sample of the overlap area in each line is determined by both of the corresponding samples from the adjacent subswaths weighted with the same weight of 1/2. If the resultant sample is nearer to the left subswath, then sample of the left subswath is weighted with a bigger weight to determine it, and vice versa.
SCANSAR -STRIP-MAP INTERFEROMETRY
ScanSAR -strip-map interferometry has similar problem with ScanSAR interferometry in the aspect of synchronization. As we have mentioned before, strip-map mode maintain a continuous acquisition, whereas ScanSAR has gaps between burst trains. This also result to the un-synchronization de-coherence when they are used to do mixed-mode interferometry. To solve this problem, one approach is to filter the strip-map mode data with a low-pass filter. This can "cut" a slice out of the full spectral domain of IM data, and then both of the ScanSAR and the strip-map data share the common spectral domain [3] . In our research, however, we replace the lines corresponding to the zero-lines of ScanSAR data with zero-lines. To do this, azimuth offset between master and slave should be estimated. We first focus the raw data and use the normal correlation strategy to get the azimuth offset. Then the offset is used to coregister the raw slave to the master. Lines in the strip-map data corresponding to the gaps in ScanSAR data are replaced with zeros.
To do interferometry, data with the same track number should be used. We use Envisat ASAR data of Bam, Iran to implement ScanSAR -strip-map interferometry. Subswath 1 of ScanSAR mode corresponds to the strip-map mode, but with a slightly wider swath. To save computation and improve precision, we cut out the same area with strip-map mode in subswath 1 to do further processing. After the preconditioning of the data, ScanSAR -strip-map interferometry can be treated as strip-map interferometry. We use this method to get the interferogram as shown in Fig. 3 (Left) . In order to prove the correctness of our result, we compare the displacement map of ScanSAR -strip-map interferometry with the one of traditional strip-map interferometry in Fig. 3 (Right) .
The success of ScanSAR -strip-map interferometry breaks the limit of same mode interferometry and highly improves the availability of current SAR datasets. It is meaningful for monitoring outburst disasters, especially in the case of lacking appropriate interferometric pairs using the traditional method.
FUTURE WORK
Other research and development work including Radarsar-1 SNA mode interferometry and Envisat AP mode interferometry is still on going. We will make ScanSAR interferometry and mixed mode interferometry as popular as possible. In addition, we will do more theory research about them.
CONCLUSION
In this paper, we have presented ScanSAR interferometry results of Envisat ASAR and ALOS PALSAR. In addition, we have achieved mixed mode interferometry using Envisat ASAR data. Points for attention are given in order to implement multi-mode SAR interferometry. We have also introduced our methods to implement multi-mode interferometry. Our development work is based on JPL's open source strip-map interferometry soft ware ROI PAC.
